Listeria monocytogenes exhibits a heterogeneous response upon stress exposure which can be partially attributed to the presence of stable stress-resistant variants. This study aimed to evaluate the impact of the presence of stress-resistant variants of Listeria monocytogenes and their corresponding trade-offs on population composition under different environmental conditions. A set of stress robustness and growth parameters of the wild type (WT) and an rpsU deletion variant was obtained and used to model their growth behavior under combined mild stress conditions and to model their kinetics under single-and mixed-strain conditions in a simulated food chain. Growth predictions for the WT and the rpsU deletion variant matched the experimental data generally well, although some deviations from the predictions were observed. The data highlighted the influence of the environmental conditions on the ratio between the WT and variant. Prediction of performance in the simulated food chain proved to be challenging. The trend of faster growth and lower stress robustness for the WT than for the rpsU variant in the different steps of the chain was confirmed, but especially for the inactivation steps and the time needed to resume growth after an inactivation step, the experimental data deviated from the model predictions. This report provides insights into the conditions which can select for stress-resistant variants in industrial settings and discusses their potential persistence in food processing environments.
D
iversity exists within bacterial populations which can, for example, be observed by tailing of inactivation curves upon stress exposure. This tail can be caused by either phenotypic or genotypic heterogeneity. Phenotypic heterogeneity refers to transiently increased resistance with a physiological or epigenetic background. Reasons for phenotypic heterogeneity can include the presence of persisters (1) , bistability caused by noise in stochastic gene expression (2-4), or epigenetic phenotype switching (5) . Genotypic heterogeneity refers to the presence of stable stressresistant variants with an inheritable stress-resistant phenotype caused by genomic alterations (6) . These stable stress-resistant variants have been repeatedly isolated from the foodborne pathogen Listeria monocytogenes upon exposure to different types of stress, e.g., heat, high hydrostatic pressure (HHP), and low pH (7) (8) (9) (10) (11) .
L. monocytogenes stress-resistant variants have been shown to comprise a wide range of phenotypic features that are different from those of the main wild-type (WT) population. Apart from resistance toward the selection stress, numerous variants showed a multiple-stress-resistant phenotype (12, 13) . It was shown that different types of stress lead to selection for different types of variants. Although many phenotypic features are overlapping, the genetic basis for the increased resistance was shown to be partially selection stress dependent (12) .
A large fraction of the heat-and HHP-selected variants had a mutation in the class III heat shock repressor gene ctsR (11, 13) , while this mutation was not found in the acid stress-selected variants. In a large fraction of the acid stress-selected variants, a mutation in rpsU, encoding ribosomal protein S21, appeared to be responsible for the stress-resistant phenotype (12) . An interesting observation in all these variants is that increased stress resistance seems to be at the cost of another feature. The growth rate for many of the variants was lower than for the WT, although in some cases it was impaired only under specific conditions. Generally, the most resistant variants showed a significant growth defect, and a clear correlation between acid resistance and growth rate was established (9) .
The increased stress resistance of the variants can be considered a trade-off; a variant may have an advantage under a certain condition while having a disadvantage under another condition. The concept of stress resistance as a trade-off for growth has been well described in the literature (14) (15) (16) . Specialization on survival often comes at the cost of slower multiplication. The underlying mechanism can be found in resource allocation; energy expenditure has to be divided over vegetative growth and general stress response (14) . This resource allocation is affected by the environmental conditions, but mutations have also been shown to cause a shift in the distribution of resources between reproduction and maintenance (15) . The ctsR and rpsU mutations in the stress-resistant L. monocytogenes variants seem to result in a shift away from rapid reproduction and toward increased stress response.
During food processing and storage, bacterial cells encounter different environments which can affect the behavior of the cells. Heat resistance has been shown to be affected by environmental conditions like growth temperature, medium composition, and growth stage (17) . Growth at mild pH stress can induce increased resistance to lethal acid stress but also to other stresses, like thermal stress (18) . It was also shown that the different variants have different degrees of mild stress-adaptive behavior, affecting their stress resistance (19) . The differences in behavior and resource allocation between the WT and variants might have consequences for their growth and survival under processing conditions.
Information on whether these stress-resistant variants are a potential threat for the food industry or if the disadvantages, combined with their low prevalence in the population, counterbalance the increased resistance is currently lacking. It would be of relevance to evaluate the impact of the presence of stress-resistant variants and their corresponding trade-offs on population composition. Therefore, this study aimed to quantify the growth and inactivation kinetics of WT L. monocytogenes and acid-resistant variants under different environmental conditions and to use the quantitative data obtained to predict the behavior along a simulated model food chain. It was hypothesized that the WT has an advantage during growth but that the variants have an advantage during inactivation steps. A modeling approach was used to predict the behavior of the WT and variants under different combinations of mild and severe stress conditions, and the genetic background of one rpsU variant was used to evaluate predictions in mixtures in which the WT and an rpsU deletion variant were distinguished by specific primers. This study highlights the potential impact of the environmental conditions on population dynamics of WT L. monocytogenes and its acid-resistant rpsU variant in sequential niches.
MATERIALS AND METHODS
Bacterial strains and culture conditions. WT Listeria monocytogenes LO28 (Wageningen UR Food & Biobased Research, the Netherlands) and 8 of 23 acid-resistant variants isolated from the tail of this WT strain after acid exposure (9) were used in this study. The selected variants were 3, 7, 9, 12, 13, 14, 15, and 23, based on their genotypic and phenotypic characteristics representing different clusters (12, 19) . The stock cultures were kept in 15% (vol/vol) glycerol (Fluka) at Ϫ80°C, and before the experiments, cells from stock were grown for 2 days at 30°C on brain heart infusion (BHI; BD) agar plates. A single colony was used to inoculate 20 ml of BHI broth (Oxoid) in an Erlenmeyer flask. After overnight growth (18 to 22 h) at 30°C (Innova 4335; New Brunswick Scientific, Edison, NJ) with shaking at 160 rpm, a 0.5% (vol/vol) inoculum was added to fresh BHI broth. Cells were grown in BHI at 30°C until the late exponential growth phase (optical density at 600 nm [OD 600 ] ϭ 0.4 to 0.5 after 4 to 5 h) or stationary phase (18 to 22 h of growth; OD 600 ϳ 2.0). Bacteria were spiral plated (Eddy Jet; IUL Instruments) or spread plated on BHI agar. For inactivation experiments, plates were incubated for 4 to 6 days at 30°C to allow recovery of the cells. For all other experiments, plates were incubated for 2 days at 30°C.
Determination of the maximum specific growth rate. The maximum specific growth rate ( max ) was determined under various mild stress conditions, namely, at different pH conditions, water activities (a w ), and temperatures (T). BHI broth (Oxoid; a w , 0.997; pH 7.3) was used as a plain medium for all growth experiments, with 30°C as the reference temperature. The effect of mild pH was determined by adjusting the pH of sterile BHI with 10 M HCl to pHs 6.0, 5.0, and 4.7, followed by filter sterilization (0.22-m filter). The water activity was lowered by adding 42, 65, 83, and 91 g of NaCl (Merck) per liter of BHI broth, resulting in a w values of 0.971, 0.957, 0.946, and 0.940, respectively (Labmaster a w ; Novasina). Values for max at 7°C and 37°C were available from our previous study (9) and were extended in the current study at 20°C and 30°C to determine the effect of temperature on max . The max for the WT and each variant was determined by the 2-fold dilution (2FD) method as described by Biesta-Peters et al. (20) . Briefly, overnight cultures were used for this experiment and diluted in BHI broth to an initial concentration of ϳ5 ϫ 10 5 CFU/ml, which was confirmed by plating on BHI agar plates. From this culture, five sequential 2-fold dilutions in BHI broth were made in duplicate in a 100-well honeycomb plate, and the final volume in each well was 200 l. The plate was incubated in a Bioscreen C (Oy Growth Curves AB Ltd.). The Bioscreen C was set at the appropriate temperature with medium constant shaking, and the OD 600 was measured every 10 or 30 min depending on the conditions. This was done for up to 2 weeks, or until all wells reached an OD 600 of at least 0.2 (time to detection [TTD] ). The max was determined for the WT and each variant for each condition by taking the negative reciprocal of the slope between TTD and ln(N 0 ). For more stressful conditions in which an OD 600 of 0.2 was barely reached, a TTD of 0.12 was used since 0.12 was in the linear part of the OD 600 growth curve for all conditions and variants. Wells not showing an increase in OD 600 during the time of the experiments were plated on BHI plates to confirm the absence of growth. Experiments were repeated on different days using fresh cultures to obtain biologically independent duplicates or triplicates.
Estimating cardinal growth parameters. Secondary growth models to estimate cardinal growth parameters were chosen based on the selection described by Aryani et al. (21) . Generally, errors for all variables were homoscedastic; however, for the data as a function of temperature, errors increased at higher temperatures and a square root transformation was needed to stabilize the variance. This has been observed previously for L. monocytogenes (21) as well as for Lactobacillus plantarum (22) . The square root model (23) was used to describe the max as a function of temperature (T): (1) in which b is the slope parameter and T min (degrees Celsius) is the theoretical minimum temperature for growth, estimated from the regression line through the data for a rate of 0, i.e., the intercept of the line with the temperature axis. The max as a function of pH was described by the reparameterized model of Aryani et al. (21) :
in which opt (per hour) is the max at optimum pH, pH min is the pH at which no growth is observed anymore, and pH 1/2 is the pH at which the max is half of the opt . The max as a function of a w was described by the model of Luong (24) :
in which opt (per hour) is the max at optimum a w , a w, min is the a w at which no growth is observed anymore, and d is the shape parameter. The models were fitted to all independent replicate max data together using TableCurve 2D v5.01. For the a w model, a lack-of-fit test (25) Growth modeling. Cardinal growth parameters obtained were used as input in the gamma model (26) to predict the growth of the WT and variants under combined mild stress conditions. The gamma model without inclusion of an interaction factor was used, and therefore, only a multiplicative effect of the combined mild stress conditions was assumed (27) . Predictions of max were made by (4) in which ref (per hour) is the average of the estimated max in BHI at 30°C, pH 7.3, and an a w of 0.997 according to equations 1 to 3 and ␥(T), ␥(pH), and ␥(a w ) are the gamma factors for each individual condition (x), which is determined by
in which max (x) is calculated by equations 6 to 8 (21):
max͑ a w͒ ϭ ref
The max values for combined stress conditions resulting from equation 4 were used as input into the widely used three-phase linear model (28) to predict the growth of the WT and variants under the defined conditions. The lag time () was assumed to be reciprocally proportional to the max (25, 29) . It has been described before that the product of the equation max ϫ generally ranges between 0 and 4 (25) , and therefore these values were considered to predict the growth intervals (25) . Average N max (the maximum number of organisms reached) was set at 9.5 log 10 CFU/ml, based on counts of fully grown overnight cultures (data not shown). For the growth intervals, a range from 9.25 to 9.75 log 10 CFU/ml was assumed, based on reproduction variability of the measured N max values.
Heat inactivation. Heat inactivation experiments were performed for the WT and rpsU variant 14 as described in reference 12. This variant was chosen as a representative rpsU variant based on the genetic background, which allowed for validation as described below. Briefly, 400 l of a lateexponential-or stationary-phase culture was transferred into 40 ml of preheated BHI broth in a 250-ml Erlenmeyer flask, in a shaking (160 rpm) water bath (SW23; Julabo) at 55, 60, or 62°C. At appropriate time intervals, a 1-ml sample was taken and either used to make a 10-fold dilution series in peptone physiological saline (PPS; 0.1% peptone and 0.8% NaCl) or transferred into a sterile cup that was placed on ice in case the undiluted sample was to be plated. A separate Erlenmeyer containing BHI broth at room temperature was used for the time zero measurement. Fifty-microliter volumes of appropriate dilutions were spiral plated in duplicate on BHI agar, or, in the case of the undiluted samples, 1 ml was spread plated (divided over 3 plates), resulting in a detection limit of 1 CFU/ml. The resulting inactivation curves were described with any of the following models to determine the D value. In the case of nonlinear inactivation and the presence of a shoulder and tail, the model of Geeraerd et al. (30) in its reparameterized version (9) (equation 9) was fitted to the data: (9) in which N t is the number of cells at time t (in minutes), N 0 is the number of cells at time zero, k sens and k res are the specific inactivation rates of the sensitive population and the resistant fraction, respectively (per minute), S l is the shoulder length (in minutes), and f is the stress-resistant fraction. When the shoulder length was not significant, equation 10 was fitted to the data:
When the tail was also not significant, the model was further reduced to a linear inactivation model:
The D value of the sensitive and resistant fractions for equations 9 to 11 was calculated by equation 12:
In the case that no tailing was present, a linear model with shoulder and the reparameterized Weibull model (equation 13) (9) was fitted to the data. The Weibull model was preferred, as this model also considers the shoulder in D value determination, whereas the linear model with shoulder does not.
in which ⌬ is the number of decimal reductions, t ⌬D is the time needed to reduce the initial number of microorganism with ⌬ decimals (in minutes), and ␤ is a fitting parameter that defines the shape of the curve. ⌬ was set at 5, since the measured data covered a range of at least 5 log 10 reductions, and the other parameters were estimated. This procedure results in an average D value over the whole 5-log reduction while fitting the data with the nonlinear Weibull model, circumventing a large correlation between delta and the shape parameter (9) . All models were fitted to the data using TableCurve 2D v5.01. An F-test was performed to test if the fitting performance of the model was statistically accepted. The f value was calculated using the following equation (31): (14) in which MSE model is the mean square error of the model and MSE data is the mean square error of the data for replicate values. The resulting f value was tested against a critical F table value with a 95% confidence level. For the inactivation curves showing tailing and therefore described by equation 9 or 10, the reparameterized Weibull model (equation 13) was also fitted to the data without taking the tail into consideration in order to be able to compare the WT and variant 14 at different temperatures and growth phases. The D values were calculated by dividing the t 5D by 5. From these D values, the z value was calculated by taking minus the inverse of the slope between the log 10 D value and temperature for the WT and variant 14 in the late exponential and stationary phases. Acid inactivation. Acid inactivation experiments were performed as described in reference 9 for late-exponential-and stationary-phase cultures. Briefly, 10-ml (stationary phase) or 50-ml (late exponential phase) cultures were centrifuged and resuspended in 1 ml of PPS, and this cell suspension was added to 9 ml of BHI set to pH 2.5 with 10 M HCl, prewarmed at 37°C. The tube was placed in a shaking water bath (160 rpm) at 37°C, and samples were taken at appropriate time intervals, directly diluted in BHI broth, and spiral plated on BHI agar. Inactivation kinetics were described as was done for the heat inactivation data described above by equations 9 to 12.
DNA extraction and reverse transcription (RT)-PCR quantification. DNA of the WT and variant 14 or mixtures of them was extracted from cell cultures by the Qiagen DNeasy blood and tissue kit, using the pretreatment protocol for Gram-positive bacteria with some modifications. Lysozyme and proteinase K incubations were done for 60 min, and washing steps were repeated twice. Elution was done in 50 l of 10 mM TrisHCl (pH 8.3), and the eluate was diluted 10 times in nuclease-free water. DNA was stored at 4°C for up to 5 days until PCR quantification. Primers were designed in the rpsU region to specifically amplify only the WT or only the variant DNA. The WT-specific primers (forward [FW], 5=-CGC GCTTTCTGGATTCTTGC-3=; reverse [RV], 5=-ACGAATCGCTTGAAG ATGCTC-3=) were designed within the rpsU gene, since variant 14 lacks this gene completely. For variant 14-specific primers (FW, 5=-CGATG CCCGATGATTAAAA-3=; RV, 5=-GCGTCAACTGCCATAACAAC-3=) were designed in such a way that the FW primer bridged the 1,300-bp deletion of this variant and therefore this primer could bind only to variant 14 (12) . The primers were validated and confirmed to be specific. Quantification was done using a quantitative PCR (qPCR) machine (Bio-Rad CFX96), at an annealing temperature of 60°C using Power SYBRgreen mastermix (Applied Biosystems). Threshold cycle (C T ) values were determined with automatic baseline settings. Standard curves were obtained from a series of decimally diluted DNA to determine PCR efficiency of the primers and from DNA extractions from a series of decimally diluted overnight cultures. The highest concentration was plated and a standard curve, correlating log 10 CFU/milliliter to C T values, was obtained in this way. This standard curve was used to quantify the viable cells in mixtures of the WT and variant 14. The dynamic range of quantification was determined to be ϳ4.5 to 9.5 log 10 CFU/ml.
Growth validations. Growth predictions were validated for the WT and variant 14 in BHI for 3 conditions: 7°C, pH 6.6, and a w of 0.997, mimicking milk (BHI-M); 7°C, pH 6.0, and a w of 0.965, mimicking ham (BHI-H); and 37°C, pH 5.2, and a w of 0.997 (BHI-S). BHI-S was chosen, as it provides conditions under which, based on Fig. 1 , growth is expected to be similar for the WT and variant 14. Also, these are conditions which can be encountered in the body. Milk and ham conditions were taken from the work of Aryani et al. (21) . BHI was prepared, and the a w was set by adding NaCl before autoclaving. The pH was set after autoclaving, and the medium was filter sterilized using a 0.22-m filter. Validations were done in Erlenmeyer flasks in a shaking incubator (200 rpm) set at the correct temperature. Overnight cultures (cultured in BHI at 30°C) were diluted in the corresponding medium and inoculated in the Erlenmeyer flasks with a starting concentration of ϳ4 log 10 CFU/ml, as this was just below the detection limit of the PCR quantification method. This was done for the WT and variant 14 in single cultures and for the WT and variant 14 mixed in equal amounts. For BHI-M and BHI-H, samples were taken once per day, and for BHI-S, this was done every 2 h. Samples were decimally diluted in PPS and appropriate dilutions were plated on BHI agar. For the mixed cultures, an additional 1-ml sample was taken at each time point and centrifuged for 10 min at 5,000 ϫ g, and the pellet was frozen at Ϫ20°C until DNA extraction and PCR quantification of the WT and variant 14 as described above. Validations were done in independent duplicates. Model performance was evaluated by determining the accuracy factors (A f ) and bias factors (B f ) as introduced by Ross (32) . Although originally developed to assess the performance of models predicting generation times, in this study we used A f and B f to evaluate predicted counts against observed counts as done previously (33) (34) (35) :
Bias factors of Ͼ1 are caused by predicted values higher than the observed values, and bias factors of Ͻ1 are caused by predicted values lower than the observed values (32) . In the case of evaluating predicted log 10 (N t ) against measured log 10 (N t ), bias factors of Ͻ1 give a fail-dangerous prediction. A f and B f were calculated on the average growth prediction ( max ϫ ϭ 2 and log 10 N max ϭ 9.5).
Chain analysis. The behavior of the WT and variant 14 was also evaluated in a chain of growth and inactivation conditions. The principle was to simulate a milk pasteurization chain, followed by cooled storage and low pH exposure, simulating stomach passage, adjusted in such a way that the complete chain could be validated under laboratory conditions in single and mixed cultures, taking into account the detection limitations. The chain therefore consisted of the following steps: growth at 7°C for 4 days (step 1), a heat inactivation step of 10 s at 61°C (step 2), growth at 7°C for 3 days (step 3), growth at 10°C for 4 days (step 4), and an acid inactivation step of 4 min at pH 2.5 (step 5). Predictions for growth were made using the gamma model, based on the estimated cardinal growth parameters of the WT and variant 14 in Table 1 . Three scenarios were chosen, namely, no lag time, a theoretical maximum lag time ( max ϫ ϭ 4), and an average lag time ( max ϫ ϭ 2).
Predictions for inactivation were made using the D and z values and inactivation kinetics as described in Table 2 . Only late-exponential-phase heat resistance was considered, since the predictions indicated all cells to be still in the moment of heat inactivation. For the acid inactivation step, both late exponential and stationary phases were included in the model prediction (Table 3 ). Growth steps (1, 3, and 4) were all performed in Erlenmeyer flasks containing 50 ml of BHI-M in a shaking incubator (200 rpm), set at the correct temperature. Samples were taken once per day for plating and RT-PCR quantification as described above.
From step 3 on (after heat inactivation), the samples for DNA extraction were treated with propidium monoazide (PMA) before freezing to prevent amplification of DNA of dead cells. PMA treatment was done as described by Pan and Breidt (36) . Briefly, 2.5 l of 20 mM PMA solution was added to 1 ml of cell culture. This mixture was incubated in the dark at room temperature for 5 min. Subsequently, the tubes were exposed to light in a PMA-Lite light-emitting diode (LED) photolysis device (Bi- otium) for 15 min to cross-link the PMA to the DNA. The PMA treatment was repeated another time since it was shown that double PMA treatment gave optimal inhibition of the PCR amplification (36) . After the second PMA treatment, the cells were centrifuged for 10 min at 5,000 ϫ g and the pellet was stored at Ϫ20°C until DNA extraction. Heat inactivation was done as follows. The complete culture (50 ml) was centrifuged (5 min at 2,880 ϫ g), resuspended in 1 ml of BHI-M, and centrifuged again (5 min at 2,880 ϫ g). The pellet was resuspended in 100 l of BHI-M and transferred into a 200-l PCR tube. The heat inactivation was done in a PCR machine set at 61°C for 10 s, after which the sample was cooled to 7°C. When the tubes reached 7°C, the content was transferred to 50 ml of BHI and precooled to 7°C, a sample was taken for plating, and the flask was placed in a 7°C shaking incubator (step 3).
Acid inactivation (step 5) was done as for the acid inactivation experiments described above. Samples were taken after 2 min and 4 min of exposure to pH 2.5 and corrected for volume. Validations were done in independent duplicates. The limitations for this method were that the counts could be quantified only within the dynamic range of the qPCR (ϳ4.5 to 9.5 log 10 CFU/ml) and the PMA treatment only allowed a maximum of 6 log 10 CFU/ml of dead cells to be present within at least 4 log 10 CFU/ml of viable cells (36) . These limits were experimentally confirmed (data not shown). Model performance for each step and the overall chain was evaluated by determining the accuracy factors (A f ) and bias factors (B f ) as described above.
Variant fractions within WT population. The heat and acid inactivation kinetics of the WT and variant 14 were used to calculate the theoretical fraction of rpsU variants within the WT population during stress exposure. This was done as described by Van Boeijen et al. (11) . The fraction of rpsU variants was then calculated at each time point (t) using equation 17:
The fraction (f t, rpsU ) is equal to the probability of isolation of an rpsU variant at this time point. Due to their phenotypic clustering (12) , it was assumed that the 11 rpsU variants all show the same inactivation kinetics. The initial fraction of rpsU variants in the first step of the chain was assumed to be 5 ϫ 10 Ϫ7 (37).
RESULTS
Growth under mild stress conditions. Cardinal growth parameters were estimated based on the max values obtained at different temperatures, pH values, and water activity values. The data and model fittings are shown in Fig. 1 for the WT and variant 14 and for the other variants in Fig. S1 in the supplemental material. From these figures and the parameter estimates in Table 1 , it can be seen that the different variants showed distinct behavior under different environmental conditions. The rpsU variants (14, 15, and 23) showed a reduced growth rate, which was more pronounced closer to the lower temperature growth limits, whereas the same variants have growth rates similar to that of the WT at the lower limits of growth for pH and a w at 30°C. This resulted in significantly higher T min estimates for the rpsU variants than for the WT ( Table 1 ), indicating that these variants are less psychrotolerant. Variants 9, 12, and 13, on the other hand, showed a lower max over the complete temperature range tested, with the most dramatic shift observed for variant 9. However, this variant, while growing much slower under optimal pH conditions, had a pH min similar to that of the WT and an even lower minimal estimated a w, min than the WT. For all variants, the shape parameter (d) in the a w model was not significant and could be excluded according to the lack-of-fit test. Variant 9 was the only variant for which the shape parameter could not be excluded, since this would have led to the unrealistic a w, min estimate of ϳ0.88. It was experimentally confirmed that variant 9 was not able to grow at such a low a w , and therefore, the d parameter was included, despite not being significant. Variant 3 showed behavior similar to that of the WT under all growth conditions tested. Variant 7 had a slightly reduced growth rate under optimal conditions compared to that of the WT, but its growth rate became similar to that of the WT when the pH and a w conditions were more stressful.
Growth predictions and validations. The cardinal growth parameters were used to predict the growth of the WT and eight variants under combinations of mild stresses. From Fig. S2 in the supplemental material, it can be seen that depending on the combination of environmental conditions, the variants performed differently. Under the milk conditions (see Fig. S2A ), the rpsU variants and variant 9 were the slowest growers, with the low temperature contributing mostly to the gamma factor. Under the ham condition, the temperature is still the most growth limiting factor; however, the low a w reduced the growth rate even further in all cases. The gamma factor for pH (pH 6.0) had almost no influence on the predicted growth rate of the variants. Figure S2C shows that when grown at 37°C and pH 5.2, there is almost no difference in max between the variants and WT. This is due to the fact that the pH is the growth-limiting factor, and at pH 5.2 there is no dramatic difference in predicted max between the WT and variants. The predictions of the three growth scenarios displayed in Fig. S2 were experimentally evaluated both in single and in mixed cultures of the WT and variant 14. As can be seen from Fig.  2A , the counts in single and mixed cultures for the WT in BHI-M were well in accordance with the predictions in BHI-M, which was confirmed by a B f of 1.02. Variant 14, however, showed a slightly higher max than predicted, resulting in a relatively low B f , 0.80, and a high A f , 1.25, indicating a systematic deviation from the prediction. Both the variant and WT did not seem to have an obvious lag time. In mixed cultures of the WT and variant, the WT PCR counts were similar to the total plate counts, indicating that the WT was the dominating population. Variant 14 followed the same growth as in single culture up to ϳ150 h, after which growth was arrested. This growth inhibition coincides with the entry into stationary phase of the WT. In BHI-H, both the WT and variant counts matched the prediction well in single cultures (Fig. 2B) and B f s were 1.04 and 0.94, respectively. Interestingly, the growth of the WT matched the prediction with the maximum lag time, whereas the variant did not seem to have a lag time at all. Another interesting observation is that when mixed with the WT, variant 14 seemed to perform better than when cultured alone, as indicated by higher counts in mixed cultures than in single cultures. In BHI-S cultures, the predictions suggested the variant and WT to grow at similar speeds ( Fig. 2C1 and 2C2 ). This was confirmed by the growth validations both in single and in mixed cultures, although both grew slower than predicted. Both the WT and variant seemed to have a lag phase, most likely caused by the transition from pH 7.3 of the overnight culture to pH 5.2 of the BHI-S. Bias factors of 1.11 for the WT and 1.18 for the variant also indicated that both predictions are slight overestimations.
Stress resistance. Heat resistance was evaluated in late exponential and stationary phases for the WT and variant 14 at 55, 60, and 62°C. As can be seen from Fig. 3 , the inactivation curvatures were different depending on the temperature and growth phase tested. This resulted in different inactivation models giving the best fit, making comparison and especially the calculation of D and z values difficult. Because the major part of the reduction range is most important for the validation experiments, it was decided to also fit an inactivation model to the data without considering the tail. Either the 5D-Weibull model (equation 13) or the linear inactivation model (equation 11) could be fitted to all the inactivation curves, allowing for D-value estimation based on the major part of the reduction range (Table 2) . Corresponding z values were 5.7 and 4.0 for the WT and variant, respectively, in late exponential phase and 4.4 and 5.7 for the WT and variant, respectively, in stationary phase. Both fits, with and without tail, can be seen in Fig. 3 . Whereas in late exponential phase the difference in heat resistance between the WT and variants became smaller with higher temperatures, the difference between the WT and variant was smaller at lower temperatures in stationary phase. This was also reflected by a higher z value in stationary phase for the variant than for the WT and a higher z value for the WT in late exponential phase. Also, for acid inactivation (Fig. 4) there was a clear difference between the WT and variant 14, as well as a clear difference between the late exponential and stationary phases. In both the late exponential and stationary phases, the increased resistance of the variant was characterized by a longer shoulder period and a lower inactivation rate (Table 3) . Probability predictions. The inactivation kinetics were used to estimate the fraction of the rpsU variant within the WT population at any given time during stress exposure. The probability of isolating an rpsU variant under different stress conditions was evaluated. To do so, the inactivation kinetics displayed in Fig. 3 and 4 were used. The initial rpsU variant fraction in an exponentially growing culture was determined as described by Van Boeijen et al. (11) and estimated to be ϳ5 ϫ 10 Ϫ7 (37). Two different scenarios are shown in Fig. 5 . Figure 5A shows the probability that a heat treatment of 55°C would have resulted in isolation of an rpsU variant. This probability increases over time and reaches a maximum of ϳ11% after 30 min. At this time point, however, the total population is already quite small, around 100 CFU/ml. However, if higher initial cell numbers were present, a significant number of cells would still be present after 30 min. Exposure to pH 2.5 ( Fig. 5B) led to a different distribution, and it can be seen that the predicted probability of isolating variants at pH 2.5 had a peak distribution. These data indicate that the probability of isolating a specific variant highly depends on the inactivation kinetics of both the variant and WT, the specific process conditions, and the initial variant fraction within the WT population.
Chain analysis and validation. The growth and inactivation data were combined to make predictions about the behavior of the WT and variant 14 along a simulated model food chain. Due to technical limitations of the experimental setup, the different processing steps were adjusted according to the detection limitations. After each step in the chain, the predicted N 0 was adjusted to the measured N 0 for visualization purposes. From Fig. 6 it can be seen that generally higher growth rates and higher inactivation rates were predicted for the WT than for variant 14. In the first growth step, the WT data match very well with the prediction, resulting in a B f of 1.00. The numbers for the variant, however, are higher than predicted, which leads to a B f of 0.85 in the first step. This is mostly due to the predicted lag time, which is not apparent. In Fig. S4 in the supplemental material, the prediction without lag time is also considered, and it can be seen that in this case also the variant counts are in accordance with the prediction. The first heat inactivation step gave a much higher inactivation than predicted for the WT. Also, the subsequent predicted lag time ( ϫ ϭ 4) did not seem sufficiently long, as both the WT and variant 14 needed a longer recovery time to resume growth after the heat treatment. The acid inactivation step gave a larger reduction in viable numbers than predicted, especially for the WT but also for the variant. Overall, the general trend of better growth for the WT and higher stress resistance for the variant was clearly confirmed along this model food chain, although the plate counts did not match the predictions very well for every step along the chain model. The bias factors indicated a better overall fit for variant 14 than for the WT (Table 4 ). In the mixed culture (Fig. 6C) , the trend was generally the same as in single cultures, but some differences were observed. Due to the technical limitations of the qPCR quantification and PMA method, the counts for WT and variant could be obtained only when plate counts were higher than 6 log 10 CFU/ml after heat treatment. Despite this limitation, faster growth for the WT than for variant 14 could be confirmed. When the cells started growing again after the heat treatment, the WT in the mixed culture reached higher numbers than the WT in single culture. This indicated that either the WT was still present in higher numbers after the heat treatment in the mixed culture than in the single culture or the WT cells grew faster in the mixed culture than in the single culture. At the end of the "single culture" chain, more cells were present for variant 14 than for the WT. At the end of the chain in the mixed culture, there was a significant amount of cells left and the reduction was similar to the reduction observed for variant 14. However, the amount of dead cells in the culture was too high (Ͼ6 log 10 CFU/ml) to confirm that the surviving cells were either the WT or variant 14, as the PMA method does not correctly distinguish dead cells from living cells when more than 6 log 10 CFU/ml of dead cells are present.
DISCUSSION
This study aimed to quantify the behavior of WT L. monocytogenes and acid-resistant variants under different environmental conditions in order to get more insight into the potential behavior of these variants in a food chain and during stomach passage. The obtained set of fitness and robustness parameters ( opt , T min , pH min , a w,min , heat inactivation, and acid inactivation) provided more insight into the behavior of the different variants and highlighted the diversity within the L. monocytogenes population. This Tables 1 to 3 and Fig. 1, 3 , and 4. Predictions were validated in BHI set to pH 6.6 by 10 M HCl, simulating milk characteristics. In the first growth step an average lag time ( ϫ ) of 2 was chosen, and in the growth step after heat treatment a maximum lag time of 4 was chosen. Stress resistance predictions were based on late-exponential-phase cells, as stationary phase was not reached before. After each step in the chain, the predicted N 0 was adjusted to the measured N 0 (for visualization purposes). Validations were done in single cultures (WT [A] and variant 14 [B] ) and in mixed cultures (C). Open symbols represent the plate counts and closed symbols the individual contributions of the WT (black) and variant 14 (gray) in the mixture as deducted from C T values and the standard curves correlating C T values to log CFU per milliliter.
diversity was already established qualitatively by Metselaar et al. (12) , but the current set of parameters provided quantitative data on this behavior, which were subsequently used for prediction of population dynamics under different environmental conditions. Predictions based on cardinal growth parameters and the gamma model confirmed the disadvantage variant 14 has under most growth conditions but also indicated that there are combinations of mild stress conditions where the growth rates of the variant and the WT were rather similar. The gamma model allowed for prediction of growth under combined mild stress conditions, assuming no interaction between the different growth-limiting factors (38) . The gamma theory is, however, not always pertinent, and its applicability seems to depend on the organism, as well as on the combination of mild stress factors (27, 39, 40) . Especially around the growth boundaries, the gamma model has shown poor agreement with experimental observations when no synergy factor was included (41) . However, for L. monocytogenes, among other organisms, it was shown that further away from the growth boundaries, the gamma model without synergy generally performs well to describe the combined effect of water activity, pH, and temperature on growth (42) . Also, from the growth validations in Fig. 2 , the gamma theory without synergy seems to be valid since the prediction described those data generally well. In BHI-M, the variant even grew faster than predicted (Fig. 2B) . A possible explanation for this deviation from the model could be that the variant has a slightly lower pH opt than the WT, which can be observed in Fig. S1B in the supplemental material. pH 7.3 was considered for the WT and all variants, and a lower pH opt can lead to underestimation of the growth rate around the actual pH opt . A possibility is that only the mean cardinal parameter estimates were included in the prediction. When the lower and upper 95% confidence intervals of the cardinal parameter estimates were taken into account, the data points fell within the prediction (see Fig. S3 in the supplemental material). Including this experimental and biological variability, as well as best-and worst-case scenarios for the lag time duration, resulted in a very wide prediction interval, but using the upper 95% limit with no lag time, the prediction can be considered fail-safe. The growth rate at 37°C at pH 5.2 was lower than predicted for both the WT and variant, and even when taking the 95% confidence interval into account, the counts were on the lower limit of the prediction. This could be due to the fact that the pH of 5.2, which is the most growth-limiting factor in this scenario, is in the steep part of the curvature of the cardinal pH model (Fig. 1) , and accurate prediction is therefore more prone to errors. In the mixed cultures, the WT is generally the dominating population. As expected based on the Jameson effect (43, 44) , the variant reached stationary phase as soon as the WT reached stationary phase. This is possibly due to nutrient limitation, as pH was still above the growth boundary for L. monocytogenes and is therefore less likely to be the growth-limiting factor. Another interesting observation is that variant 14 performed better in BHI-H when mixed with the WT than in a single culture. This would indicate an interaction between the WT and variant in mixed cultures, and this is a complicating factor in making accurate predictions of the population dynamics during growth.
Prediction of microbial behavior in a sequential chain of growth and inactivation conditions remains a challenge in predictive microbiology. The use of accuracy and bias factors on counts in log 10 CFU per milliliter instead of generation times does not allow for using the criteria for acceptable or unacceptable model performance, which are commonly used for generation time validations (45) . Nonetheless, these performance indices are useful for getting a quantitative measure of model performance and for comparison of performance of different steps along a model food chain. In this study, the use of predictive modeling, combined with a validation method based on the genetic background of the rpsU variants, proved to provide valuable information on the population dynamics of L. monocytogenes under changing environmental conditions, despite the sometimes poor agreement between model predictions and experimental data. Growth phase and growth history are well-known factors affecting stress resistance of bacterial cells. Many researchers have shown the effect of culturing cells at low temperatures on thermal resistance and the general agreement is that D values decrease with decreasing preculturing temperatures (17, 18, 46, 47) , which is in accordance to our results. In addition to temperature, other environmental factors, as well as age and growth phase of the culture, have been shown to affect stress resistance (17, 48) . Aryani et al. (49) showed that the growth phase is the growth history factor affecting the heat resistance to the greatest extent, above different temperatures, pH, and salt levels during preculturing. Therefore, we chose to use late-exponential-phase cells as the most "sensitive" case for model predictions instead of preculturing the cells at 7°C. However, in the chain model experiment, cells were in exponential phase and grown at a low temperature, which resulted in more heat-sensitive cells than the prediction for late-exponential-phase cells grown at 30°C. This indicates a multiplicative effect on heat sensitivity of growth at low temperature and late exponential growth phase. Also, the acid inactivation step resulted in a higher reduction than predicted. This is possibly also due to the growth at 7°C, as Ivy et al. showed that L. monocytogenes is more sensitive to low pH when grown at 7°C than at 30 or 37°C, in both exponential and stationary phases (50) . Also, the cells did not seem to be in late exponential phase yet at the end of step 1 and step 4, which could also explain the higher sensitivity toward the inactivation treatments.
Another factor that was not taken into account in the model, but seems to be a major factor influencing the performance of the model, is the recovery time that is needed after the heat inactivation step. Even the maximum theoretical lag phase (i.e., ϫ ϭ 4) was not sufficient to describe the recovery time after heat treat- (51, 52) . Therefore, with low cell numbers and severe stress treatments, the lag phase can increase well above the maximum lag time of ( ϫ ϭ 4) that was used in the model chain (53) . Also, the recovery conditions play an important role in the number of viable cells that can be retrieved after lethal stress treatment (54) , and the 7°C BHI-M, which constituted the recovery conditions in the model food chain, is not optimal for the cells. The extended time needed for recovery is more pronounced for the WT than for the variant, since the lag time was predicted to be shorter for the WT after heat treatment than for the variant, but the validations showed that the recovery times were similar for the two types of cells. Like for the growth predictions, only the mean values of the parameter estimations were considered in the chain model, as this was sufficient to get more insight in the behavior along a series of growth and inactivation events. When the aim is to make more realistic and fail-safe predictions, the biological and experimental variability, reflected in the 95% confidence intervals of the cardinal parameter estimates, should also be taken into account. Many factors are known to affect thermal resistance of L. monocytogenes (reviewed in the works of Doyle et al. [17] and Aryani et al. [49] ) showed that growth history and strain variability are the most important factors affecting thermal resistance. Growth history also seems to be a cause of the lower heat resistance leading to overestimation of the numbers of culturable cells in the chain model compared to the prediction. Many food products, on the other hand, are known to increase heat resistance of microorganisms (48, 55) . Evaluating the current chain model in laboratory medium and to take all the different variability factors into account were already challenging; translating such a model to actual food matrices will be even more demanding. Nonetheless, the current chain model gives a good indication of the possible population dynamics along a food chain.
For experimental reasons, the amount of variant and WT were chosen to be the same in the first step, but the actual rpsU variant fraction in a WT population is very small and was shown to be ϳ5 ϫ 10 Ϫ7 (37). It should be noted that the fraction of resistant cells is higher (around 10 Ϫ5 ) but that not all resistant cells are stably resistant, and not all stably resistant variants are rpsU variants. The probability that an rpsU variant is present in a batch of food product therefore depends not only on the environmental conditions encountered but also on the initial contamination level and the batch size. Low contamination levels and small batch size will not likely result in selection for stress-resistant variants, simply because the fraction is too low, but in larger batches or with higher initial concentrations, the probability that resistant variants are present and are selected for becomes pertinent. The variant fraction can also change upon different processing conditions, as illustrated in Fig. 5 . On the other hand, small changes in variant fraction and in inactivation kinetics, which are also affected by the growth history, can dramatically affect the chances that certain processing conditions lead to selection of stably resistant variants. Multiple stress cycles may also affect the fraction of variants in the population. Van Boeijen et al. (11) reported that heat-resistant variants were not found after a single heat treatment due to the low probability of finding them due to their low prevalence, but after a few cycles, the fraction of heat-resistant variants increased significantly. Also the presence of L. monocytogenes in biofilms was shown to affect the stress resistance of the cells (19) . It can be speculated that under more stringent heat treatment, the variant can become the dominating population and, with its slow growth, become a persister in industrial settings. Another important aspect in assessing the risk of these variants is their virulence potential. Although the virulence was not studied in vivo, the data obtained until now did not provide indications that virulence of the resistant strains is attenuated compared to that of the WT. Besides higher acid resistance, which can enhance efficacy of stomach passage, these variants have higher H 2 O 2 resistance, which may provide increased survival of human host defense (the so-called oxidative burst). Additionally, their growth rate at 37°C and in vitro phospholipase and hemolysin activities are similar to those of the WT (12) . Previously, virulence of the WT and variants was assessed in a mouse infection assay, which showed reduced performance of some variants, including two ctsR mutants, but all variants remained infective (56) . Similar studies with selected rpsU mutants may provide further information on their virulence potential.
In the current study, only an rpsU mutant was quantitatively characterized in detail, since this was the only variant for which a mutation was known that allowed for discrimination from the WT by qPCR. As can be seen from Table 1 , the other types of acid-resistant variants show different behavior and are also known to display different degrees of resistance (12) . All these different factors need to be taken into consideration when making realistic predictions on the population composition of L. monocytogenes and the conditions that can select for stress-resistant variants. It can be concluded that the increased stress resistance as observed in the variants can be considered a trade-off. It seems that resource allocation was shifted toward stress resistance and away from rapid multiplication. In the simulated model food chain, the WT clearly has a higher fitness (higher growth rate), while the rpsU variant is more robust toward stress. On the other hand, there are combinations of mild stress conditions allowing for equal growth of the WT and variant. The combination and sequence of environmental conditions encountered by the population determine the composition of the mixed population and can result in a net outcome of similar population level. Translation to actual food matrices and inclusion of more factors, like multiplicative effects of history on stress resistance and the effect of recovery conditions on stress survival, would be the next challenging step in making more realistic predictions on the effect of stress resistant variants on population composition in food products and processing environments. The current data illustrate the effect that environmental factors can have on population dynamics of L. monocytogenes and are a first step in evaluating the potential impact of population diversity on food safety.
